Patients with an influenza virus infection can be complicated by acute encephalopathy and encephalitis. To investigate the immune reactions involved in the neurocomplication, mouse microglia and astrocytes were isolated, infected with human H1N1 and avian H5N1 influenza viruses, and examined for their immune responses. We observed homogeneously distributed viral receptors, sialic acid (SA)-α2,3-Galactose (Gal) and SA-α2,6-Gal, on microglia and astrocytes. Both viruses were replicative and productive in microglia and astrocytes. Virus-induced apoptosis and cytopathy in infected cells were observed at 24 h post-infection (p.i.). Expression of IL-1β, IL-6 and TNF-α mRNA examined at 6 h and 24 h p.i. was up-regulated, and their expression levels were considerably higher in H5N1 infection. The amounts of secreted proinflammatory IL-1β, IL-6 and TNF-α at 6 h and 24 h p.i. were also induced, with greater induction by H5N1 infection. This study is the first demonstration that both human H1N1 and avian H5N1 influenza viruses can infect mouse microglia and astrocytes and induce apoptosis, cytopathy, and proinflammatory cytokine production in them in vitro. Our results suggest that the direct cellular damage and the consequences of immunopathological injury in the CNS contribute to the influenza viral pathogenesis. Cellular & Molecular Immunology. 2008;5(2):113-120.
Introduction
Influenza virus infections can cause human respiratory diseases and occasional central nervous system (CNS) disorders (1) . At least three encephalopathy/encephalitis syndromes, Reye's syndrome, hemorrhagic shock and encephalopathy syndrome, and acute necrotizing encephalopathy, have been documented to be associated with influenza virus infections (2) .
Influenza virus RNA has been detected in cerebrospinal fluid (CSF) and brain tissues of patients who develop acute encephalitis/encephalopathy (3, 4) . Influenza virus antigens have also been detected in glial cells and neurocytes in mouse models of encephalitis (5) (6) (7) . Besides, proinflammatory cytokines are reportedly increased in the CSF and plasma of patients with influenza encephalopathy and encephalitis (1, 4, 7, 8) . These observations suggest the involvement of direct viral damage and immunopathological injury in influenza-associated encephalopathy and encephalitis. Microglia and astrocytes are capable of producing cytokines in the CNS. Microglia, a kind of resident immunocompetent and phagocytic cell, plays an important role in the regulation of innate and adaptive immune responses in infection and disease, and they communicate with other immune cells via cytokines (9) (10) (11) . Astrocytes, on the other hand, produce cytokines and neurotrophic factors and regulate immune responses (12) . Nevertheless, the roles of microglia and astrocytes in acute encephalopathy and encephalitis caused by influenza virus infection remain unexplored.
Therefore, to understand the immune responses mediated by microglia and astrocytes after influenza virus infection and the mechanism underlying the associated encephalopathy and encephalitis, we isolated mouse microglia and astrocytes, infected these cells with human H1N1 and avian H5N1 influenza viruses, and examined their viral susceptibility and productivity, cytopathic, apoptotic and proinflammatory cytokine responses. 23, revised 1996) . One-to two-day-old specific pathogen free (SPF) BABL/c mice were purchased from Shantou University Medical College Laboratory Animal Center, Shantou, Guangdong, China.
Materials and Methods

Animals
Viruses
Human influenza A virus (IAV) H1N1 (A/Shantou/169/06) was isolated from a patient with influenza-like symptoms in the outpatient pediatric clinic of the First Affiliated Hospital of Shantou University Medical College. Avian IAV H5N1 (A/Chicken/Guangdong/1/05) was isolated from a chicken in Guangdong, China, and propagated in nine-day-old chicken embryos. The viruses were plaque purified twice and propagated in Madin-Darby Canine Kidney (MDCK) cells, then absorbed to and eluted from red blood cells (guinea pig red blood cells for human H1N1 virus and chicken red blood cells for avian H5N1 virus).
Primary culture of cerebral cortical glial cells
Primary cultures were prepared from the cerebral cortices of BABL/c mice as previously described (13) . The glial cell culture was maintained in Dulbecco's modified eagle's medium supplemented with F12, DMEM-F12 (1:1, v/v) (Gibco BRL, NY, USA), for microglia and astrocyte isolation.
Detection of influenza virus receptors (SA-α2,3-Gal and SA-α2,6-Gal) on the glial cells by fluorescence staining
The glial cell culture was washed twice with phosphate buffered saline (PBS), and incubated with two sialic acidspecific lectins, 5 μg/ml FITC-labeled Maackia amurensis agglutinin (MAA) for the detection of avian IAV receptor (SA-α2,3-Gal) and 5 μg/ml PE-labeled Sambucus nigra agglutinin (SNA) for the detection of human IAV receptor (SA-α2,6-Gal), at room temperature for 60 min. The processed cells were imaged by fluorescence microscopy using Retiga 4000R CCD camera (QImaging, Canada).
Isolation of microglia and astrocytes
Twenty-to twenty-five-day-old glial cell cultures were trypsinized with diluted trypsin/EDTA (one volume of 0.25% trypsin and 0.02% EDTA diluted with three volumes of DMEM-F12) at 37°C for 15-20 min.
Cell suspension (astrocytes fraction) was neutralized with fetal calf serum (FCS) and centrifuged at 300 g for 5 min, then resuspended, and cultured in DMEM-F12 containing 10% FCS and antibiotics (100 unit/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B, Gibco BRL) for 18-24 h, then cultured on a rotating shaker at 200 rpm for 60 min. The adherent astrocytes were trypsinized and seeded in 12-well plates (Greiner bio-one, Frickenhausen, Germany) at a density of 1 × 10 5 cells/well. IL, interleukin; TNF, tumor necrosis factor; GAPDH, glyceraldehydes-3-phosphate dehydrogenase. The primers were taken from previously published studies or were designed based on the gene sequences in GenBank using Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA). Adherent cells (microglia fraction) after the first trypsinization were washed twice with D-Hank's solution and trypsinized with undiluted trypsin/EDTA (0.25% trypsin and 0.02% EDTA) at 37°C for 10 min. The microglial cell suspension was neutralized with FCS and centrifuged at 300 g for 10 min, then resuspended in DMEM-F12 containing 10% FCS and antibiotics (see above), and seeded in 12-well plates at a density of 1 × 10 5 cells/well. Microglia and astrocytes were identified using their respective specific markers CD11b and glial fibrillary acidic protein (GFAP) as described later herein.
MAA-FITC
Cell infection
The microglia and astrocytes were washed twice with PBS and infected with the viruses at a multiplicity of infection (MOI) of 2. After 1 h absorption, cells were washed twice with PBS and cultured with fresh DMEM-F12 without FCS. Untreated control cells were included in each independent experiment as negative controls. Culture supernatants of the infected microglia and astrocytes and the controls collected at 0, 6, 8, 24, 48 and 72 h post-infection (p.i.), and their cell suspensions collected at 6, 8 and 24 h p.i. were stored at -80°C until used.
Viral infection, as reflected by the presence of intracellular viral nucleocapsid protein (NP), was confirmed at 8 h p.i. by immunofluorescence staining as described later.
Viral growth curve and plaque assay
For plaque assay, MDCK cell monolayers were washed three times with PBS and infected with serial dilutions of the supernatants of infected microglia and astrocytes at 0, 8, 24, 48 and 72 h p.i. After 1 h absorption, cells were washed twice with PBS and overlaid with 2× MEM containing 4 μg/ml L-1-tosylamido-2-phenylethyl chloromethyl ketonetreated trypsin (TPCK-trypsin, Sigma) and an equal volume of 1.8% SeaPlauqe agarose (Cambrex, East Rutherford, NJ, USA), and incubated at 37°C. Forty-eight to 72 h later, cells were fixed with 10% formalin and stained with 0.1% crystal violet solution for counting plaques and drawing a viral growth curve.
Apoptosis analysis
Apoptotic response of microglia and astrocytes was examined at 24 h p.i. To detect two specific markers of apoptosis, i.e., the presence of phosphatidylserine (PS) and of propioliumiodide (PI) in cell nuclei with disintegrated nuclear membrane, the cells were stained respectively with FITC-labeled Annexin V and PI using the Annexin V-FITC Apoptosis Detection Kit (Bipec Biopharma, Cambridge, MA, USA) according to the manufacturer's instructions. The processed cells were imaged by fluorescence microscopy. 
Immunofluorescence staining
RNA isolation, reverse transcription, and semi-quantitative PCR assays for cytokine gene expression
The cell suspensions collected at 6 h and 24 h p.i. were washed twice with PBS, and total RNA was extracted with RNeasy Kit and treated with RNase-free DNase on columns (Qiagen, Hilden, Germany), according to the manufacturer's instructions. RNA was reversely transcribed with 100 U SuperScript III RNaseH -reverse transcriptase (Invitrogen, Carlsbad, CA), using random hexaprimers (Takara) in 20 μl reaction volume. Semi-quantitative PCR was performed using 0.2 μl cDNA, 0.15 μM specific primers (Table 1) , and 12.5 μl Premix Taq (Tiangen, Beijing, China) in a final reaction volume of 25 μl with the following cycling profile: 32-40 cycles of denaturation at 94°C for 30 sec, annealing at 58°C for 30 sec, and extension at 72°C for 45 sec, and a final extension at 72°C for 5 min. After separated by electrophoresis and stained with SYBR Green Safe (Invitrogen), PCR products were analyzed using BandScan 4.3 software (Glyko, Novato, CA, USA) and quantitated by comparing the yield of each amplicon to that of GAPDH.
ELISA of IL-1β, IL-6 and TNF-α
Production of IL-1β, IL-6 and TNF-α in the supernatants of 6 h and 24 h p.i. samples was determined using specific ELISA Kits (Dakewe, Shenzhen, China), according to the manufacturer's instructions. The culture supernatants of the infected and uninfected control cells were irradiated with 
Statistical analysis
Student's t test was used to compare the difference between influenza virus infected and uninfected groups. The data were presented as mean ± SD. The differences were considered statistically significant when p < 0.05. The statistical analysis was done using the SPSS 10.0 for Windows (Chicago, IL, USA).
Results
Distribution of influenza virus receptors (SA-α2,3-Gal and SA-α2,6-Gal) on the primary glial cells
The receptors for avian and human influenza viruses (SA-α2,3-Gal and SA-α2,6-Gal, respectively) were distributed homogeneously, as seen by their affinity fluorescence, on the glial cells including microglia and astrocytes (Figure 1) .
Infection of microglia and astrocytes by viruses
The purity of microglia and astrocytes was > 95% as determined by observing 10 random phase and fluorescence fields (Figure 2) . At 8 h p.i., viral NP was detected in the H1N1-and H5N1-infected microglia and astrocytes, but not in the uninfected control cells. More than 95% of microglia and astrocytes were infected by H1N1 and H5N1 (Figure 3) . At 24 h p.i., both microglia and astrocytes showed pronounced cytopathic effects (CPE), such as cell rounding, vacuolation, syncytia formation, and cell detachment (Figure 4 ), but microglia had more severe CPE than astrocytes. No CPE was observed in the control cells. Replication kinetics of H1N1 and H5N1 in microglia and astrocytes are shown in Figure 5 . Compared with astrocytes, microglia had slightly higher titers of H1N1 and H5N1 up to 48 h p.i.
Virus-induced apoptosis of microglia and astrocytes
The amount of PS, which is directly correlated with the degree of apoptosis, was considerably higher in both the H1N1-and H5N1-infected cells than that in the control cells. The number of PI-stained cell nuclei, resulting from PI entry through disintegrated nuclear membrane, in the infected cells was also higher than that in the control cells ( Figure 6 ).
Induction of proinflammatory cytokines IL-1β, IL-6 and TNF-α
To analyze the proinflammatory cytokine response in the infected microglia and astrocytes, IL-1β, IL-6 and TNF-α mRNAs were assayed by semi-quantitive PCR. Expression of cytokine genes examined at 6 h and 24 h p.i. was upregulated, and their expression levels were considerably higher in the H5N1-infected cells than that in the H1N1-infected cells (Figure 7) .
The levels of IL-1β, IL-6 and TNF-α in the culture supernatants of H5N1-and H1N1-infected microglia and astrocytes at both 6 h and 24 h p.i. were higher than that in the control cells (Figure 8) . The levels of all cytokines were much higher in the H5N1-infected cells than that in the H1N1-infected cells. Of note, for both microglia and astrocytes, the higher levels of TNF-α were observed at 6 h than that at 24 h, whereas IL-6 and IL-1β levels were greater at 24 h than that at 6 h.
Discussion
We have successfully infected mouse primary microglia and astrocytes with both human and avian influenza strains, and observed virus-induced cytopathy, apoptosis, and induction of proinflammatory cytokines. Viral receptors are indispensible in viral life cycle, viral pathogenesis, and cytotropism. Of microglia and astrocytes, which are key players in the immune response in the CNS (14) (15) (16) (17) , human astrocytes have been reported to have the receptors for human influenza virus (SA-α2,6-Gal) and avian influenza virus (SA-α2,3-Gal) (18, 19) . In this study, we detected both receptors on primary mouse microglia and astrocytes. Their homogeneous distribution indicated efficient viral entry and productive infection in mouse microglia and astrocytes, and it was confirmed by the infection rate of over 95% (Figure 3 ) and the observed efficient replication kinetics of both viruses ( Figure 5 ).
Although both microglia and astrocytes could be infected with human H1N1 and avian H5N1 strains, microglia was more productive of viruses up to 48 h p.i. as evident by slightly higher virus titers in H5N1-and H1N1-infected microglia ( Figure 5 ). In consistent with its greater viral susceptibility, microglia had more severe CPE compared with astrocytes ( Figure 4) . Furthermore, virus-induced apoptotic response was also observed in microglia and astrocytes infected with either H1N1 or H5N1 (Figure 6 ). The observed profound CPE and apoptosis in infected cells in this study strongly suggests involvement of direct cellular damage during influenza viral infection.
Influenza viruses, especially H5N1 strains, have been shown to induce proinflammatory cytokines in murine and human blood-monocyte-derived macrophages (20) , porcine alveolar macrophage (21) , transformed bronchial epithelial cell line (22) , and human primary alveolar and bronchiolar epithelial cells (23) . In this study, in response to H5N1 and H1N1 infections, proinflammatory cytokines IL-1β, IL-6, and TNF-α were up-regulated at mRNA level in early phase (at 6 h) as well as in late phase (at 24 h) of infection in microglia and astrocytes ( Figure 7) . Besides, we also found that the production of proinflammatory cytokines in microglia and astrocytes was induced at the protein level by both viruses, but more significantly by H5N1 (Figure 8) .
Intensity of proinflammatory cytokine production correlates with the severity of symptoms in experimental influenza infection (24) . And, excessive release of proinflammatory cytokines in the CNS is involved in the immunopathogenesis and apoptosis of neurons and glia, and can influence peripheral immunity and induce systemic reactions (4, 17) . These observations together with our findings suggest that infection with an avian influenza virus H5N1 could induce more severe CNS disorders and/or systemic symptoms than could human influenza virus do.
In conclusion, this is the first demonstration that influenza viruses, both human H1N1 and avian H5N1, can efficiently infect and replicate in mouse microglia and astrocytes in vitro, and that as consequences, the infected cells undergo virus-induced apoptosis, cytopathy and proinflammatory cytokine production.
Although our findings are still preliminary to explain the immunological basis of influenza-associated encephalopathy and encephalitis, it can be hypothesized that direct viral ) were collected, and determined by ELISA for the production of IL-1β, IL-6, and TNF-α. The levels of all the cytokines for H5N1-and H1N1-infected microglia and astrocytes at 6 h and 24 h p.i. were higher than that for the controls. And the levels of all the cytokines were much higher in the H5N1-infected cells than that in the H1N1-infected cells. Data represent mean ± SD from three experiments. *p < 0.05, **p < 0.01, between infected and uninfected groups.
